Introduction
Jet devices have long taken their place in the technical area and are widely used, both as individual devices, and as part of power plants to improve cooling systems and to increase fuel and energy efficiency. An aerothermopressor is one of such devices, it is a two-phase jet apparatus for contact cooling, in which, due to the removal of heat from the air flow, the air pressure is increased (thermogasdynamic compression) and its cooling is taken place.
The aerothermopressor effectiveness depends on the values of total pressure losses due to the following factors: surface and internal friction of the air, aerodynamic resistance of the injection system, resistance of the injected liquid, the process of heat and mass transfer at a finite temperature difference and partial pressure. Such losses can be quite significant and amount to 10-40%, depending on the design features of the apparatus flow-through part.
Therefore, taking this into account, the actual development of the aerothermopressor type jet technology is the determination of rational parameters of the workflow organization with the corresponding development of the flow part design. At the same time, it is necessary to have an opportunity for the analytical determination of losses associated primarily with friction in the confuser (nozzle) and diffuser of the aerothermopressor.
Use of the low-flow aerothermopressor in the cycle air cooling system of low-power gas turbines (microturbines) is highly topical issue.
Literature Review
The aerothermopressors using as contact heat exchangers is possible for a wide range of power plants, namely for cooling the cycle air of gas turbines of various nominal capacities [1] , cooling the charge air of internal combustion engines [2] , for removing superheating of vapor in industrial ammonia two-stage refrigeration plants of moderate cold [3] , etc. Due to the evaporative cooling in the aerothermopressor, the effect of thermogasdynamic compression takes place, that is, an increase in air pressure, as a result of the instantaneous evaporation of water, which is injected into the accelerated hot air flow. The heat that goes to the evaporation of water is taken from the air flow, thereby cooling it.
To ensure the highly efficient operation of the aerothermopressor, it is necessary to determine the technological requirements for the flow part design and the water injected method in the apparatus. A significant influence on the working processes in the aerothermopressor is exercised by design factors that influence energy costs to overcome the friction losses and local resistances on the convergent-divergent sections of the aerothermopressor.
The air velocity at the minimum cross-section of the aerothermopressor should be M = 0.5-0.9 to ensure a positive increase in pressure. At such a velocity, the total pressure loss is increased rapidly [4] .
Pressure losses due to aerodynamic resistance in the flow-through part of the aerothermopressor are determined by the local resistance coefficients: confuser (nozzle) - c ; working chamber (evaporation area) - ch ; diffuser - d .
The well-known classical methods of hydrodynamics and fluid flow mechanics are used to calculate losses from the total resistance [5, 6, 7, 8] . So to determine the coefficients of the total hydraulic resistance of the confuser (1) and diffuser (2) the following dependencies are used [5, 6, 8] :
When the air velocity is M = 0.5-0.7, the resistance coefficient for the working chamber  ch resides in the region of the self-similar air flow according to the Reynolds number (Re) and the Mach number (M). Depending on the degree of roughness of the walls,  ch can be defined as [4] :
(L ch /D ch ) -caliber or relative diameter -the ratio of the length of the mixing chamber to its diameter.
To determine the coefficient of local resistance of the diffuser  d , there are two main methods: semiempirical and based on the boundary layer theory.
The disadvantage of the semi-empirical method is that it does not take into account the effect of gas compressibility, operating parameters in the minimum cross section and the conditions of entry and the initial stage of flow turbulence. This, in turn, gives the value of  d several times different from the real (experimental) value [4, 9] .
In the method of determining  d , on the basis of the theory of the boundary layer, the integral characteristics of the boundary layer are determined and, on their basis, analytical dependences are obtained for the calculation. The disadvantage of this method is the need to satisfy the condition of uniformity of the velocity field at the entrance, which is very difficult to obtain in practice [9] .
The above methods for determining local resistance coefficients do not provide accurate data on losses in the diffuser, which, in turn, makes it necessary to use the data obtained during the experiment [4] in studies in a wide range of geometric and regime parameters.
It should be noted that with Reynolds numbers Re ≤ 2·10 5 the local resistance coefficient does not depend on the Reynolds Re number and the Mach number M (in the range of values M = 0.1-0.9) and is determined only by geometrical parameters (for example, the angle of tapering and the ratio of the diameters of the input and output D 1 /D 2 ). Considering the above, it has been established that the value of the local resistance coefficient resides in the region of the self-similar flow regime for Re and M [4] , that is, the air flow remains mechanically similar to itself when one or several parameters determine this flow change.
The smallest value  d = 0.06-0.08 corresponds to the angle of the diffuser expansion  = 5-7 ° and the degree of expansion n = 10. The above data are valid provided that the velocity field at the input [4] is uniform. If there is a working chamber in front of the diffuser with a sufficiently large caliber value (L ch /D ch ), the velocity distribution field will be substantially uneven. The value of  d can be calculated by the following equations [5] :
When Re > 10 5 і (L ch /D ch ) = 5-15, the value of the correction factor can be taken K = 1.3-1.6. Thus, the value of the local resistance coefficient will be
A study was made [10] of the aerothermopressor operation on the exhaust gases of a gas turbine. The authors designed and investigated an experimental jet apparatus, 7.5 meters long, an initial flow velocity was equal to 31 m/s, the gas flow rate was equal to 11.5 kg/s. The data on pressure loss through local and hydraulic resistance in different parts of the aerothermopressor were obtained, the total pressure resistance without fluid injection reached 14 %.
In the works [1, 11] it is shown that the positive effect from the thermogasdynamic compression use in the aerothermopressor (increasing the air pressure during cooling) is greater, then the friction loss is smaller. Losses due to friction according to the classical method of calculation are up to 5-8 %.
The discrepancy of theoretical data, based on classical dependencies, and experimental data indicates inaccuracy in determining local coefficients of pressure loss, which is especially important with small diameters of the flow-through part of the aerothermopressor, that is, with low air flow.
Obviously, to determine losses from the total resistance in the low-flow aerothermopressor (air flow G air is up to 1 kg/s), it is necessary to clarify the empirical dependences to determine the coefficients of total aerodynamic resistance through the small diameters of the apparatus flow part. The establishment of such dependences or a range of specific values for local coefficients of pressure loss will allow choosing the optimal structural characteristics of the aerothermopressor, which will correspond to the achievement of the maximum pressure increase value as a result of thermogasdynamic compression.
The study purpose is to obtain analytical dependencies for determining the local resistance coefficients for the confuser and the diffuser of the low-flow aerothermopressor.
Research Methodology
To determine the optimal design parameters of the experimental aerothermopressor (Fig. 1) at various air flow rates in the working chamber (M = 0.4-0.8), a hydrodynamic analysis of typical models was carried out by using CFD modeling software ANSYS Fluent [12] .
The experimental aerothermopressor was developed to study the working processes with the thermogasdynamic compression emergence in order to determine the optimal geometrical and regime parameters. The working medium is humid air with initial parameters of pressure P atp1 , temperature T atp1 and relative humidity  atp1 , corresponding to the parameters of the cycle air of gas turbines and charge air of internal combustion engines (Table 1 ). Relative mass flow rate of injected fluid g w , % 5
Figure 1 -The design of the experimental aerothermopressor
To build a three-dimensional solid model, Auto-CAD graphic program was used (Fig. 2) . The input and output sections of the geometric model were elongated to eliminate the influence of edge effects in the computational model. The geometrical characteristics of the aerothermopressor were given in Table 2 . The computational grid (Fig. 3) was constructed by using the Automatic Method, the grid elements are tetrahedrals. The maximum size of each element does not exceed 3 mm. Wall layers are specified in the amount of 4 pieces (Table 3 ). Amount of elements 290890
Thickness of the first wall layer, mm 0.5
Amount of wall layers 4
Maximum mesh size, mm 3.0
Numerical simulation of the airflow process in the aerothermopressor was carried out using the finite volume method in the ANSYS Fluent software package. A calculation method was defined based on the Pressure-Based solvers, a turbulence model was selected, a calculation was made taking into account the convergence of results, and the output data were processed and visualized in Postprocessing in the form of graphs, fields and streamlines for the main parameters of the workflow. The calculation of the air flow parameters (total pressure, dynamic pressure, velocity, temperature, etc.) in the aerothermopressor was carried out for a number of confusor and diffuser taper angles, as well as for a number of relative air velocity values in the working chamber M = 0.4-0.8.
To study of the air flow behavior, k-ε Realizable two-parameter turbulence model was used from the group of models Reynolds-Averaged Navier-Stokes (RANS). This model is recommended for axisymmetric flows in jet devices and makes it possible to predict the behavior of the flow propagation velocity and has proven itself in solving engineering problems [13, 14, 15, 16] .
To determine the local resistance coefficients for the diffuser and confuser, classical dependences of fluid dynamics [5, 6] were used.
The energy equation (Bernoulli equation for air flow, taking into account mechanical specific losses):
where ρgz 1 , ρgz 2 -geometric pressure, Pa; p 1 , p 2 -static pressure, Pa; Δp t -total losses of total pressure, Pa; Dividing by ρg:
Δh t -total head losses, m. The equation for total pressure is:
Taking into account the fact that z 1 = z 2 and Eq. (7), the total head losses Δh t :
The local resistance coefficient  t is:
To check the adequacy of the obtained analytical dependencies for the local resistance coefficients, the experimental data given in [4, 9, 17] were used. The experimental data were compared with those ob-tained during CFD modeling and their relative discrepancy was determined.
Results and Discussions
According to the results of computer CFD modeling of models of the aerothermopressor, the value of local resistance coefficients for the diffuser (divergent angle  = 6; 8; 10; 12°) and confuser (convergent angle  = 30; 35; 40; 45; 50°). Initial data at the confuser part inlet of the aerothermopressor: Р 1 = 3•10 5 Pa; Т 1 = 453 К, w air = 35 m/s. It should be noted that the nature of the change in air velocity w air along the length of the flow part is fairly uniform (Fig. 4) , and the velocity profiles change almost proportionally (Fig. 5) . In addition, the value of local resistance coefficients, both for the confuser  c and for the diffuser  d , practically do not change when the velocity in the working chamber М = 0.4-0.8 ( Fig. 6) and Re average value change (Fig. 7) . At the same time, for confuser - c = 0.02-0.08, where lower values correspond to the convergent angle  = 30 °. The influence of the diffuser resistance is more significant - d = 0.08-0.32, where the diffuser with the divergent angle  = 6 ° has a smaller value. The absence of the influence of Re and M on  c and  d indicates that there is a self-similar flow regime both in the confuser and in the diffuser of the aerothermopressor, that is, the value of the local resistance coefficient depends only on the geometric parameters (opening angle and , expansion n d and contraction n c ratio) of the corresponding channel. Considering the above, the equation determination for the coefficient of local resistance of the confuser  c was carried out by the method of approximation depending on the geometric parameters in accordance with a number of equations. In this case, the equations of a paraboloid of rotation were chosen ( The deviation of the calculated values of the coefficient  c from those obtained in the numerical CFD simulation of  e.c is  c = ± 7 % (Fig. 9) .
Determining the local coefficient of resistance of the diffuser  d is more difficult due to the influence of ambiguously interconnected geometric and operating parameters, the nature of the flow velocity field, and the prerequisites for the boundary layer separation phenomenon. It should be noted that the prerequisites for the occurrence of the separation of the boundary layer occur in almost all modes of operation of the aerothermopressor. So, for example, when М ≥ 0.4, additional flow turbulization occurs in the boundary layer of the diffuser (Fig. 10, a) , at a diffuser divergent angle  ≥ 12 ° (Fig. 10, b ) the flow turbulization increases so that in the near-wall zone reverse air flow occurs. As a result, a flow separation occurs in the boundary layer (Fig. 11) , which, in turn, leads to a sharp increase in the value of the local drag coefficient  d .
Considering (Fig. 13) .
When comparing the calculated data obtained by equation (12) with the experimental data obtained in [9, 17] , one can see (Fig. 14) that the equation given for the diffuser gives a value with an allowable error ( = ± 20 %) in the range of angles disclosures  = 6-12 °. At  = ≥ 12 °, the calculated values of  d significantly exceed the experimental ones. 
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The total pressure losses in the aerothermopressor due to the aerodynamic resistance are determined by the equation:
w mix -flow velocity in the working chamber;  c ,  d -coefficients of local resistance in the confuser and diffuser in accordance with the equations (11), (12) ;  fr =  fr -coefficient of friction losses in the working chamber, which can be determined by Blausius [6, 8] (12) -Experimental  д with n d = 4 and M = 0.4 according to the data given in [9, 17] Analysis of the calculated data according to equation (14) shows that the total pressure loss in the "dry" aerothermopressor (without injection of liquid for evaporation) is P loss = 0.05-1.00·10
5 Pa (2-31%) at a fixed confuser convergent angle  = 40 ° and variable diffuser angle  = 4-14 ° (Fig. 15) . At a fixed divergent angle of the diffuser  = 6 ° and variable angles of the confuser is  = 30-50 ° -P loss = 0.05-0.40·10 5 Pa (1-12%) (Fig. 16 ). It can be concluded that the effect of a change in the diffuser divergent angle is greater than the influence of the confuser convergent angle. At the same time, we can recommend angles  = 30 ° and  = 6 ° for the low-flow aerothermopressor, corresponding to the minimum pressure losses P loss = 1.0-9.5 %, and therefore to the maximum pressure increase as a result thermogasdynamic compression during injection and evaporation of fluid in the working chamber.
Numerical simulation to determine the total pressure losses in the aerothermopressor shows that with М = 0.6,  = 30 °,  = 6 ° -P loss = 0,2·10 5 Pa (6.6%) (Fig. 17) . Thus, it can be seen that the calculated data fully correspond to the results of CFD modeling, and the obtained equations for determining the local resistance coefficients can be recommended for use in the low-flow aerothermopressor design method. 3. The recommended angles were determined: confuser convergent angle  = 30 ° and diffuser divergent angle  = 6 °, corresponding to the minimum pressure loss P loss = 1.0-9.5 %, and therefore also to the maximum pressure increase as a result of the thermogasdynamic compression that occurs during injection and evaporation of liquid in the working chamber. 
